The ear is one of the most complex organs in the human body. Sound is a sequence of pressure waves, which propagates through a compressible media such as air. The pinna concentrates the sound waves into the external auditory meatus. In this canal, the sound is conducted to the tympanic membrane. The tympanic membrane transforms the pressure variations into mechanical displacements, which are then transmitted to the ossicles. The vibration of the stapes footplate creates pressure waves in the fluid inside the cochlea; these pressure waves stimulate the hair cells, generating electrical signals which are sent to the brain through the cochlear nerve, where they are decoded. In this work, a threedimensional finite element model of the human ear is developed. The model incorporates the tympanic membrane, ossicular bones, part of temporal bone (external auditory meatus and tympanic cavity), middle ear ligaments and tendons, cochlear fluid, skin, ear cartilage, jaw and the air in external auditory meatus and tympanic cavity. Using the finite element method, the magnitude and the phase angle of the umbo and stapes footplate displacement are calculated. Two slightly different models are used: one model takes into consideration the presence of air in the external auditory meatus while the other does not. The middle ear sound transfer function is determined for a stimulus of 60 dB SPL, applied to the outer surface of the air in the external auditory meatus. The obtained results are compared with previously published data in the literature. This study highlights the importance of external auditory meatus in the sound transmission. The pressure gain is calculated for the external auditory meatus.
Introduction
Hearing is one of the five senses in humans and one of the most important for social life or even for survival. Hearing loss can be a severely disabling disease. The human ear is a complex organ which allows to understand and interpret the sound waves for a band of frequencies between 16 Hz and 20 kHz and intensities between 0 and 130 dB. It is responsible for our equilibrium and also has a high sensitivity to sound waves, transforming them into electrical signals, which are then transmitted to the brain through the auditory nerve. The ears are almost totally located in the temporal bone, positioned at the base and sidewalls of the skull. 1 The external auditory meatus sets a communication between the external environment and the middle ear. This canal is approximately 25 mm in length and 8 mm in diameter, 2 has a tapered shape along its length and a curved path which varies between individuals. The relation between the dimensions of the canal and the wavelength of sound should be taken into account in the phenomenon of acoustic transmission, from the entrance of the canal to the tympanic membrane. For frequencies below 1 kHz, the wavelengths are much larger than any external auditory meatus dimensions, so small variations in the canal dimensions are unimportant. However, at 10 kHz, the wavelength is 34 mm, which is approximately four times the diameter of the tympanic membrane. At these frequencies, variations in the cross 1 section of the canal or in its curvature are expected to become significant in the sound transmission. 3 In the literature, some work exists, with some authors describing the normal ear behaviour, [4] [5] [6] [7] [8] whereas others reproduce the different pathologies associated with the middle ear. [9] [10] [11] [12] [13] [14] Gan et al. 5 used the finite element method on her work. On her model, the cochlea is composed by the vestibular and the tympanic scale, separated by the basilar membrane. The middle ear transfer function, the umbo and stapes displacement and cochlear impedance are obtained in this study.
Liu et al. 9 developed a finite element model that incorporates the tympanic membrane, ossicular bones, middle ear ligaments and tendons, external auditory meatus, tympanic cavity and the cochlear fluid. The numerical study of Liu et al. 9 studied the effects of different types of diseases of the human ear, such as malleus handle defect, hypoplasia of the long process of the incus and stapedial crus defect.
Gentil et al. 13 investigated the effects of tympanic membrane perforations and myringosclerosis in the mechanical behaviour of the tympano-ossicular chain. Using the finite element method, they concluded that when a micro-perforation (0.6 mm) is present, no differences in terms of the umbo or stapes footplate displacement are seen, compared with the normal tympanic membrane. The largest differences occur with a perforation of 7.0 mm, with the results showing a decrease in the displacements at low and medium frequencies.
The objective of this work is to study the functioning of the human ear using a numerical model and numerically simulate the sound transmission from the pinna to the stapes. The geometrical model used in this study was based on the project 'The visible ear'. The main objective of this project was to develop a highresolution digital atlas of the temporal bone. The images used to create the atlas were obtained using a cryosectioning procedure of the temporal bone from a 85-year-old woman. The different structures of the ear were hand-segmented and the geometries for the different structures were obtained. 15 In order to study the influence of the external auditory meatus on human auditory system, two numerical models were used. One of the models designated 'simple model' does not take into consideration the presence of the air in the external auditory meatus and tympanic cavity, the skin, jaw and ear cartilage, and a second model, designate 'full model', which takes into consideration the effects of the air presence and also includes the skin, jaw and ear cartilage. The validation of the 'simple model' is obtained by comparing the umbo and stapes displacement with experimental and numerical results previously published in the literature. An acoustic-mechanical analysis is then conducted by introducing the air in the external auditory meatus and in the tympanic cavity. Besides the middle ear transfer function, the 'full model' allows to obtain the pressure gain in the external auditory meatus.
Materials and methods

Construction of the three-dimensional finite element model
The geometrical model used in this work had origin in the project 'The Visible Ear'. In this project, a set of high-quality images of a frozen temporal bone were obtained through a cryosectioning tissue procedure. The slice thickness was 25 mm and high-resolution images were captured every 50 mm. A total of 605 images with 24 bits RGB and a resolution of 50 mm/ pixel were obtained. About 26 different structures of the human ear were identified through the manual segmentation of each image, performed by Wang et al. 15 Written permission was obtained for the usage of the 'Three-Dimensional Virtual Model of the Visible Ear' for research purposes. Based on this project, the numerical finite element model of the ear was constructed.
In this work, the influence of the external auditory meatus was studied and two different numerical models were considered (see Figure 1 ). The 'simple model' is composed of the tympanic membrane, ossicular bones (malleus, M; incus, I; stapes, S1), cochlea (CF), two tendons (stapedius tendon (ST) and tensor tympani tendon (TT)), six ligaments (superior mallear ligament, SML; lateral mallear ligament, LML; anterior mallear ligament, AML; superior incudal ligament, SIL; posterior incudal ligament, PIL; stapedius annular ligament, SA), incudomalleolar (IMJ) and incudostapedial joint (ISJ), and part of temporal bone (TB). The 'full model' is formed by the 'simple model' with the inclusion of the air in external auditory meatus (EAM) and tympanic cavity (TC) and also the skin (S2), jaw and ear cartilage (EC). The division of the cochlea into the vestibular, tympanic and cochlear ducts was not considered, with the cochlea being modelled as a single duct.
The finite element mesh and the numerical simulations were carried out using the commercial software Abaqus Ò . 16 The model was discretized with 255,343 nodes and 1,345,379 elements, of which 1,186,243 are linear tetrahedral (C3D4) elements, 159,129 linear tetrahedral acoustic (AC3D4) elements and 7 linear truss (T3D2) elements. The tendons and ligaments are simulated through truss elements of type T3D2, the acoustic components are meshed with acoustic elements of type AC3D4 and the remaining parts of the ear with tetrahedral (C3D4) elements.
The Eustachian tube was considered closed on the connection with the nasopharynx.
Material properties
The middle ear has been described as a linear system for acoustic-mechanical transmission from the tympanic membrane to the cochlea. 4, 6, 12, 17 The mechanical properties used in this work (Young's modulus, Rayleigh damping coefficients and densities) are based on works previously published in the literature. The mechanical properties for the ear components (tympanic membrane, ossicles, ligaments and tendons) are widely available in the literature in works related with the numerical and experimental studies of the ear. 2, [5] [6] [7] [8] [9] [10] [11] [12] The different available data are closely related to the different works. In this work, the mechanical properties are based on the data available in the study of Sun et al. 12 Some mechanical properties can be adjusted in order to improve the model results (e.g. the mechanical properties chosen for the tympanic annulus and stapedius annular ligament). All mechanical properties in use are referenced in Tables 1-3, after the component name.
Poisson's ratio is assumed to be 0.3 for all parts of the human ear, 12, 17 except in the ear cartilage which was assumed 0.4. 18 Rayleigh's proportional damping was introduced in the middle ear components, with the coefficients a = 0 s À1 and b = 0:0001 s. The Rayleigh damping Stapes (S1) 12 2:2310 3 1:41310 10 Incudomalleolar Joint (IMJ) 12 3:2310 3 1:41310 10 Incudostapedial Joint (ISJ) 12 1:2310 3 6:0310 5 Skin (S2) 18 1:2310 3 1:67310 7 Ear cartilage (EC) 18 1:2310 3 2:5310 7 Temporal bone (TB) and Jaw 2:0310 3 1:41310 10 Round window (RW) 1:2310 3 1:0310 7 matrix, C, is expressed as a combination of a stiffness and mass matrix and is obtained as follows
where M is the mass matrix, K is the stiffness matrix and a and b are the Rayleigh damping coefficients. The tympanic membrane was assumed homogeneous, with an orthotropic behaviour in the Pars tensa and an isotropic behaviour in the Pars flaccida. 4, 7, [12] [13] [14] 19, 20 The radial and circumferential Young's modulus were 32 and 20 MPa in the Pars tensa, respectively. Young's modulus was 10 MPa in the Pars flaccida.
The ossicular bones were assumed with a homogeneous and isotropic behaviour. Young's modulus for the three ossicles was 14.1 GPa, and the densities are shown in Table 1 .
The joints, skin, ear cartilage, temporal bone, jaw and the round window were assumed homogeneous and isotropic with the properties listed in Table 1 .
The ligaments that suspend the ossicles and the tendons that protect the ear from loud sounds were assumed to show a linear elastic behaviour, as shown in Table 2 . The density and Rayleigh damping coefficients are displayed in Table 2 . Figure 2 shows the boundary conditions applied to the tympanic membrane and to the stapes. The tympanic annulus (TA) is inserted into the temporal bone, 19 and an elastic isotropic behaviour was assumed, with a Young's modulus of 6:0310 4 Pa. The stapedius annular ligament was also assumed as having an elastic isotropic behaviour, as shown in Table 2 .
The air in EAM and in TC and the fluid inside the cochlea were modelled with acoustic elements. The constitutive behaviour of the fluid is described by the equation p = À K f e v which presupposes that the fluid is inviscid, linear and compressible. In this equation, p is acoustic pressure, e v is the volumetric strain and K f is the bulk modulus defined by the formula K f = c 2 r, where c is the speed of sound in the medium and r is the density of the fluid.
The mechanical properties for the fluid inside the cochlea were based on the work of Gan et al. 5 The density of the air in the EAM and TC was based on the air properties at 37°C. A sound speed of 300 m/s was assumed when determining the air bulk modulus. The acoustic medium properties are displayed in Table 3 .
In the 'simple model', the acoustic pressure is applied at tympanic membrane, whereas in the 'full model', the same pressure is applied on the outer surface of the air in external auditory meatus, as shown in Figure 3 .
Boundary conditions
In both models, the sectioned part of the temporal bone and jaw is fixed in all degrees of freedom (the red points in Figure 4 shows the location of this boundary condition). The connection between the acoustic elements and the structural elements of the ear was performed using the TIE command available in Abaqus Ò Standard. 16 This option allows to impose acousticmechanical interactions between pairs of surfaces. 22 Lee et al. 23 and Gentil et al. 8 In the study of Nishihara and Goode, 21 the experimental data were obtained from 64 individuals with normal hearing. A total of 34 different tones of 80 dB SPL in the frequency band of 195-19,433 Hz were induced at the tympanic membrane, and the displacement at the umbo using a laser instrument was measured.
Results
Huber et al. 22 published a numerical study in which the results achieved were compared with experimental data obtained from 129 eardrums of 79 subjects. 24 Lee et al. 23 simulated the middle ear, using a finite element model composed by the tympanic membrane and the ossicular bones.
In the work of Gentil et al., 8 the displacements at the umbo and stapes footplate for a sound pressure level of 80 dB SPL were determined. Gentil et al. 8 used a model composed by the tympanic membrane and ossicular bones and considered the ligaments and muscles with hyperelastic behaviour.
Gan et al. 5 developed a finite element model of human ear where the sound pressure was applied at 2 mm away from the tympanic membrane.
The phase response at the umbo and stapes footplate was obtained in this work and is shown in Figures 5(b) and 6(b), respectively. The values achieved for the phase of the stapes footplate are in agreement with those obtained by Gan et al., 5 which tends to decrease up to 300°when the frequencies increases. Based on the obtained data, Figure 6 (a) shows that the magnitude of stapes footplate displacement increases up to 700 Hz, from this value there is a decrease in the displacement up to the end of the frequency band studied.
Gentil et al. 10 study the influence of material type in a stapes prosthesis. Figures 5(b) and 6(b) show the phase angle obtained by Gentil et al.; 10 in this numerical simulation, the stapes is normal and no prosthesis was applied. In their study, Gentil et al. 10 concluded that the teflon prosthesis, due to its mechanical properties, is the most appropriate for the replacement of the stapes.
Results for the phase angle in the umbo and stapes footplate are scarce in the literature, and no results were found in the literature. Most of the authors give more emphasis to displacement magnitude data.
The 'full model' is formed by the 'simple model' including the air in the external auditory meatus and in the tympanic cavity and also including the skin, jaw and ear cartilage. A study highlighting the importance of the utilization of a more complete model is made, and the results for the umbo and stapes footplate displacement between the two models are made. Figures 7  and 8 show the results obtained (magnitude (a) and phase angle (b)) for the displacements at the umbo and stapes footplate. In the 'simple model', the acoustic pressure is applied to the tympanic membrane, whereas in the 'full model', the same pressure is applied on the outer surface of the air in external auditory meatus entrance (Figure 3) . The results obtained for the 'full model' (black broken line) highlight the important role that the external auditory meatus has in amplifying the sound at higher frequencies. In the umbo and stapes footplate displacement, a phase shift of 180°was verified, near a 3 kHz frequency, which is due to the acoustic resonance near that frequency that occurs in the external auditory meatus. The first resonance frequency in the external auditory meatus varies with the individual age, decreasing with an increase in age. Figures 7 and 8 also present the numerical results obtained by Ferris and Prendergast, 11 which presupposes a resonance peak at 4 kHz associated with the external auditory meatus. Bentler 25 published experimental data of acoustic pressure distributions along the external auditory meatus, based on 78 children with ages between 3 and 13 years. The average resonance frequency of the external auditory meatus was 2848 Hz with a gain of 18.9 dB. The experimental data of Shaw 26 were measured using adult individuals. In his work, the first resonance frequency in the external auditory meatus occurs near 2600 Hz.
The dynamic behaviour of the middle ear can be characterized using a transfer function calculated through the ratio of the stapes footplate velocity and the sound pressure in external auditory meatus, close to the tympanic membrane. Figure 9 shows the comparison between the results obtained by the 'full model' for a sound pressure level of 90 dB SPL and the results published by other authors. The experimental data reported by Voss et al. 27 were obtained from 18 ears without evidence of ear disease. The experimental results of Aibara et al. 28 were acquired from 11 temporal bones. Figure 9 shows the range of values achieved. Sun et al. 12 and Gan et al. 5 resort to finite element softwares for describing the behaviour of the human ear. The air in external auditory meatus and tympanic cavity is considered in the model of Gan et al. 5 The calculated transfer function is close to the lower limit reported by Aibara et al.; 28 however, the presented model has a more pronounced decrease in high frequencies. When comparing with the published data of Voss et al. 27 in the frequency band of 200 Hz to 4 kHz, the values obtained with the presented model are also in agreement. Pressure distribution analysis along the external auditory meatus becomes interesting since this canal contributes significantly for enhancing sound intensity at higher frequencies. 6 The three-dimensional (3D) geometry developed for the external auditory meatus has approximately 26 mm in length and an entrance diameter which varies between 6.5 and 12.9 mm, corresponding to a canal volume of 1188.5 mm 3 . The gain represented in Figure 10 is calculated at the end of the external auditory meatus near the tympanic membrane, when a sound pressure level of 60 dB SPL is applied on the outer surface of the air in external auditory meatus. In the developed model, the presence of two resonances was verified, due to the introduction of the air into the model. The first resonance appears near 3 kHz and the second at 8 kHz ( Figure 10) . A maximum gain of 21 dB at 3 kHz is reached.
The experimental results published by Wiener and Ross 29 show the average ratio of the sound pressure at the eardrum to the free-field pressure averaged, for a number of male observers and measured for various azimuths. The resonance effect of the external auditory meatus results in a peak of about 10 dB near 4 kHz ( Figure 10 ). In the range covered by the tests, this pressure ratio is largely independent of azimuth, as is to be expected. Figure 10 also shows the average of the experimental results obtained by Mehrgardt and Mellert. 30 In their work, the sound distribution in the external auditory meatus was determined for three subjects, and the transfer functions from eight points in the ear canal to the eardrum were measured. The impulse response technique was used to determine the transfer functions, when a 33-ms impulse is fed to a loudspeaker at a distance of about 2.5 m of the subject's head in an anechoic chamber. With the probe tip, the impulse response is picked up by a condenser probe microphone. The first resonance of the external auditory meatus was located at about 5 kHz and does not varied between the subjects, whereas the second resonance varied between 8 and 11 kHz. This anharmonic second resonance is explainable by the inhomogeneity of the ear canal. 30, 31 The presented numerical model shows a perfect similarity at this second resonance frequency.
Hammershoi and Moller 2 published experimental results obtained from 12 subjects and concluded that any point between the tympanic membrane and the entrance of the external auditory meatus can be considered independent of the direction of the sound incidence.
Conclusion and discussion
The 'simple model' was validated by comparison of the umbo and the stapes displacement achieved, with other data in literature. The sound pressure level of 80 dB SPL was applied on the lateral surface of the tympanic membrane. The results obtained are close to those published previously in the literature. 8, 21, 23, 32 There was an increase in the magnitude of the stapes footplate displacement up to 700 Hz. From this value, the displacement began to decrease until the end of the frequency band studied. The phase angle of the stapes footplate is zero at low frequencies and tends to decrease up to 300°at 10 kHz.
When introducing the air into the external auditory meatus and into the tympanic cavity, there was a significant gain in sound pressure near the tympanic membrane. The phase shift of 180°near 3 and 8 kHz, accompanied by a rapid increase in the displacement, shows the presence of resonances in the external auditory meatus.
The middle ear transfer function obtained from the ratio of the stapes footplate velocity to the sound pressure in the external auditory meatus near the tympanic membrane was compared with published results obtained by other authors. The stapes transfer function curve is close to the lower limit reported by Aibara et al., 28 obtained from experimental data.
The temporal bone was considered to be isotropic and the mastoid process was not introduced, which contains air cells inside. 33 This simplification was due to the low resolution of the 3D atlas in this region, created by hand-segmentation.
The created model of tympanic membrane has a thickness varying between 0.2 and 0.5 mm. In the literature, most authors adopt an average thickness of 0.074 mm. 20 . However, studies such as Kelly et al. 34 present a membrane with a thickness varying between 0.1 and 0.8 mm. The geometric model developed was based on a public project, where the procedure for obtaining anatomical geometry is fairly accurate, thus the dimensions used were considered valid.
Sound propagates through solid mediums, such as the temporal bone, and for this reason, this component was introduced in the finite element model. The sound waves that cross the skin, ear cartilage and temporal bone and fall over the inner ear generate pressure waves in the liquid present inside the cochlea. The pressure waves stimulate the hair cells and then these stimuli are sent via the auditory nerve to the brain where they are decrypted. 35, 36 The model created is composed by the components responsible for the bone conduction. A future study could focus on the influence of this type of conduction in the human ear.
A model with the external auditory meatus allows to investigate the effects that arise when different pathologies affect the ear canal, such as obstruction (e.g. cerumen), external otitis and tumours. The obstruction of the external auditory meatus can interfere with the passage of sound vibration, affecting hearing and communication capabilities of the individual. 37, 38 
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